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Summary 


A spectrometer for electron-electron and electron-gamma coincidence measurements is de- 
scribed. Attention is called to some of its applications, namely (i) the study of complex nuclear 
disintegrations, (ii) determinations of internal conversion coefficients and branching ratios and 
(iii) measurements of the lifetimes of specified nuclear levels. The experimental difficulties and 
the limitations encountered are discussed in some detail. The instrument has been used for the 
study of the following isotopes: Pb?, Pb? and Tl®. Finally, a new method is suggested for 
the measurement of very shortlived nuclear levels (< 10-19 sec.) with the aid of the electron- 
electron coincidence spectrometer and a high-frequency transmitter. 


Introduction 


Coincidence methods can be applied in many different ways to the study of 
nuclear disintegrations. In earlier experiments [1] of this kind there was generally 
either no energy selection at all of the radiation under investigation or only a rough 
discrimination was provided by means of suitable absorbers. In 1937 Bothe and 
Maier-Leibnitz [2] developed a single channel electron-gamma coincidence instru- 
ment. This consisted of a semicircular spectrometer provided with an additional 
gamma sensitive detector, situated near the source. A double channel electron- 
electron coincidence spectrometer was first suggested by Feather [3] in 1940. The 
instrument is built up of two semicircular spectrometers, operated in parallel, with 
a common source. Various modifications of the latter instrument, utilizing the 
semicircular [4] or short lens [5] focusing principles have been developed. 

The coincidence counting rate is of course proportional to the number of disinte- 
grations per second. It is easy to see that the maximum source strength is limited 
by the resolving time of the coincidence circuit. G.M. counters are characterized by 
a comparatively slow response to the incident electron. Therefore only weak sources 
can be used and the coincidence counting rate will be inconyeniently low. The situa- 
tion is considerably improved if the G.M. counters are replaced by fast organic 
scintillation detectors. But, even then, the method is of limited value, since the 


1 For a review of various types of coincidence spectrometers see T. R. Gerholm, Beta-Ray 
Spectroscopes, Encyclopedia of Physics (editor S. Fliigge), Springer Verlag 1956, Vol. 33, p. 668. 
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coincidence counting rate is also proportional to the product of the transmissions in 
the two channels. The inherent low transmission of the semicircular and short lens 
spectrometers introduces severe limitations in this respect. ; 

The long lens spectrometer, however, gives, at the corresponding resolution, about 
ten times higher transmission. The long lens focusing principle should, therefore, be 
very suitable for an electron-electron coincidence spectrometer. In fact, for an 
instrument of this kind the coincidence counting efficiency will be comparable to 
the effective transmission of semicircular or short lens spectrometers. The coincidence 
counting efficiency is the probability that a coincidence pair emitted from the 
source will be recorded as a coincidence when the two channels are adjusted to focus 
the members of this pair. 

A coincidence spectrometer making use of the long lens focusing principle in both 
channels has been built and described by Gerholm [6]. It is the purpose of this paper 
to discuss the coincidence spectrometer method in more detail and to give an account 
of a number of different applications of current interest. For some types of measure- 
ments the applicability of the method has evidently not been fully realized or at 
least not been completely explored so far. The limitations and experimental diffi- 
culties will also be discussed. 


The coincidence spectrometer 


Since details of the construction have been published elsewhere [6] only a brief 
account of the main features of the spectrometer will be given here. As shown in 
Fig. 1 the instrument consists of two long lens spectrometers, placed end to end. 
By means of the iron shields in the midplane of the instrument the two halves are 
made magnetically independent of each other. It is therefore possible to focus, 
simultaneously, electrons of a certain energy in one half and of a different energy in 
the other. Thin anthracene crystals cemented onto lucite light guides are used as 
detectors. The light guides have been given a certain profile in order to increase the 
light collection efficiency. The signals from the photomultipliers are fed, via pre- 
amplifiers to a coincidence equipment of the fast-slow type [7], supplied with a 
variable delay line. The delay is used to determine the background of random 
coincidences. This background is measured with a sufficiently large time delay 
introduced in one of the two channels. The time delay can also be used to determine 
the lifetimes of specified nuclear energy levels (see below). The bias level of the 
discriminators in the side channels are adjusted to reject pulses with amplitudes 
lower than those produced by the electrons focused in the corresponding spectro- 
meter. 

The transmission-resolution settings can be varied at will by screwing the B,- 
baffles towards or away from the conical surfaces, which are machined stepwise to | 
reduce scattering. The entrance baffles B, are kept fixed and only serve to reduce 
the background of scattered electrons. The baffle system is readily accessible because 
the flanges, with pole pieces and detectors, swing out on hinges. The spectrometer 
pressure is generally pumped down from atmospheric to vacuum within a few minutes. 

The magnetic field used to focus the electrons in each of the two halves is of 
“tringular” shape. It can be shown [8] that this particular field distribution gives 
a high luminosity. This is fortunate, since it provides a compensation for the small 
dimensions of the instrument. The distance between the source and each detector 
is only 25 cm, but the spectrometer is nevertheless capable of dealing with rather 
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Fig. 2. Effective transmission versus exit slit setting. 


large sources maintaining a good resolution. With a source diameter of 0.2 cm a, 
relative half width of 1.3 per cent is obtained at an effective transmission of about : 
3 per cent. If the source diameter is increased to 0.5 em the resolution becomes | 
3.1 per cent at the same transmission. 

The magnetic field strength in each half, and hence also the momenta of the focused . 
electrons, is proportional to the coil current in this half. The linearity of the instru- 
ment has been checked from 40 keV up to 3.6 MeV (cf. Fig. 4). 

As shown in Fig. 6 the instrument can also be used for electron-gamma coincidence 
work. For this purpose the spectrometer can be opened on one side and a separate 
gamma-detector unit introduced. This consists of a Nal (Tl) scintillation crystal 
attached to a lucite light guide and a photomultiplier. The efficiency of the light 
guide has been measured to be nearly 70 per cent and the pulse height resolution is 
practically the same as is obtained without any lightguide at all. The distance 
between the source and the crystal can be varied from zero up to about 5 cm. 
Different kinds and sizes of crystals can be used. Suitable absorbers are inserted 
between the source and the crystal. The shielding of the photomultiplier tube is 
very efficient and no influence from the magnetic field in the opposite half of the 
instrument can be observed. 

The electron-gamma arrangement is used mainly for high energy gamma-rays that 
are little converted and therefore less suitable for electron-electron coincidence 
experiments. 


Limitations of the method 
a. A few general considerations 
Let g(&/p) be the probability of recording an electron of momentum &, when the 


instrument is set to focus electrons of momentum p. The number of electrons recorded 
per unit time then becomes 


N = N(€)wg(&/p)e(é), (1) 


where N (é) is the total number of electrons of momentum é emitted from the source 
Fer unit time. w is the effective solid angle (effective transmission) of the instrument 
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Fig. 3. Photograph showing the baffle-system in one half of the electron-electron coincidence 
spectrometer. 


and ¢ (&) is the efficiency of the detector for electrons of momentum &. The actual 
value of w will depend on the width of the source as well as on the setting of the 
exit baffle B,. Experimentally w can easily be measured against the maximum ef- 
fective solid angle Q. To do this the peak counting rate Nyeax of a conversion line 
is determined for different settings of the exit baffle. As shown in Fig. 2 the counting 
rate approaches a maximum NV 722% which obviously corresponds to Q. The effective 
transmission at a certain point then simply becomes 


DV epic { 


ymax L (2) 
N peak 


o=Q 


Since Q does not depend on the width of the source it is a constant of the instrument 
and can be determined once and for all. This has been done in three different ways: 
(i) It has been geometrically computed, (ii) it has been measured with a Cs18? source 
of known absolute activity, and (iii) it has been determined by means of a coincidence 
method making use of the known conversion coefficient of the 569 keV transition in 
Pb07 (see below). The values agree within their limits of error and for the spectro- 
meter considered here 2. was found to be 4.0 + 0.3 per cent in each half. 
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Fig. 4. Kurie plot of the unique, first forbidden beta-ray spectrum of K42. The upper energy limits 

of the two beta components are found to be 3.57 MeV and 2.04 MeV, in good agreement with 

published values (cf. K. Siegbahn. Ark, Mat. Astr. Fys. 34B, No. 4 (1946) and L. Koertz, A. 
Schwartzschild, R. Gold, and C. 8. Wu, Phys. Rev. 95, 612 (1954)). 


The detector efficiency ¢(£) can be determined experimentally for various electron 
energies by studying the shape of the continuous beta-ray spectrum. It is a wellknown 
fact that for an allowed spectrum corresponding to a single group of beta-rays the 
detector efficiency can be derived from the deviations from a straight line of the 
Kurie plot. For electron energies above 100 keV the efficiency is nearly 100 per cent, 
but below 100 keV the efficiency drops rapidly being almost zero at 40 keV. The 
use of scintillation detectors therefore makes it impossible to study low energy 
electrons. 

For convenience, we introduce here the efficiency-corrected counting rates 


N 
.N(é)= aia (3) 


Whenever £2100 keV, .N(£)~N(é). Because g(E/p) +0 only in the vicinity of! 


— = pand because ¢(&) varies slowly with ¢ one can replace ¢(£) by €(p) in formula (1). 
It follows from the general theory of beta-ray spectrometers that g(&/p) depends 
only on the ratio €/p but not on p itself. 


Thus one has 


1 This statement holds only as long as the shape of the magnetic field is conform and independent 
of the absolute value of the magnetic field strength. 
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where 7 is a constant. g(£/p) can easily be determined experimentally at least to 
an approximation since 
) ( ; 
g (: ad (bee (5 
P Po 


where /{ (p/P) is the instrumental window curve i.e. the response of the spectrometer 
to mono-energetic electrons. / (p/p ) is simply the shape of a conversion line obtained 
with a thin source. It is assumed that f(p/p ) is normalized to unity for p = pp. 

Let N, be the number of disintegrations per unit time and let 6 be the probability 
that a certain nuclear transition takes place during the decay.! Finally let x stand 
for the corresponding conversion probability.? If the instrument is adjusted to 
focus these conversion electrons the peak counting rate becomes. 


cN peak = Nod x w. (6) 


1 i.e. the total feeding to this level. This is the sum of the direct beta-decay feeding and of 
indirect feeding caused by beta-decay is higher excited levels giving rise to the transition 
under consideration in the cascad down to the ground state. 

2 The conversion probability is related to the conversion coefficient: x = «(1 + a)~?. 
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From this expression one obtains for the area under the line in divided form, i.e. 
counting rate per unit momentum interval versus momentum 


cNV ne 
i. dp=N,dxo {(2)2 
M = Po/ P 
ine line 


cine 


or 


dp=nN,dxw. (7) 


line 


According to (7) the constant 7 is equal to the area under the line, divided by the 
peak counting rate. This is approximately equal to the spectrometer resolution 
(relative halfwidth). 

We shall finally consider the area under the continuous beta-ray spectrum. If the 
instrument is adjusted to focus electrons of momentum p, the number of beta-decay 
electrons recorded per unit time becomes 


yes | Nop(é)a(=)ode (3) 
0 


where the function  () gives the distribution of electrons belonging to the continuous 
beta-ray spectrum. Now, since g(&/p) +0 only in the vicinity of =p and since 
-(&) varies comparatively slowly with &, one can replace y(&) by y(p). Hence 


Neont = Nop (p)np w. (8’) 


From this expression one obtains for the area under the continuous beta-ray 
spectrum 
Ne 
[ Ae" ap=n No. (9) 


cont 
b. Signal-to-noise ratio 


For the sake of simplicity we shall assume, at first, that there is no interference 
between the conversion lines. We shall also assume that the background due to 
scattered electrons, gamma-rays and photomultiplier dark-current is small compared 
to the corresponding channel counting rates. A discussion will be given below of 
what happens, when these conditions are not fulfilled. Further, we make the simpli- 
fying assumption, that the time delay between the members of a genuine coincidence 
pair is short compared to the resolving time of the coincidence circuit. The situation 
that occurs, when the delay is comparable to, or longer than, the coincidence resolving 
time will be discussed below. 

Apart from these restrictions we shall consider a complex nuclear disintegration 
quite generally, and not introduce any specific assumptions concerning the decay 
scheme. 

Suppose that spectrometer 1 is adjusted to select conversion electrons corresponding 
to the nuclear transition 1 and that spectrometer 2 is focusing conversion electrons 
corresponding to the transition 2. Let .N, and ,N, be the counting rates in channel 
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1 and channel 2 respectively and let .N, and .N, be the genuine and random 
coincidence counting rates respectively. All counting rates are efficiency corrected 
according to (3). €, is the efficiency of the coincidence equipment which is generally 
adjusted to 100 per cent. y, finally, is a coincidence correlation constant. This takes 
into account, that the probability of detecting a certain electron in one spectrometer 
can be slightly influenced by the fact that it is in coincidence with an other electron 
recorded in the opposite spectrometer. This can be due to angular correlation effects, 
to misalignments of the source or to absorbtion of the electrons in the source itself. 
For properly centered sources of good specific activity y is equal to unity, since the 
angular correlation, if present, will tend to spread over the 30° aperture angle in 
each half of the instrument (cf. Fig. 1). 
One then obtains the following general expressions 


Ny = Nop (Pi) P11 + Nod, (10) 
Na = Nop (P2)2 P22 + Ny bo%Wo, (11) 
Ng = {N01 210152 192% 22 + Nop (P1)771 P1192 pJ2%202 + 
+ Nop (Pe) 2 P2291 p11%101} € oY; (12) 
Non =2 Ny eNp. (13) 


27 is the resolving time of the coincidence circuit. 

In formula (12) we have introduced the coincidence coupling constants qs, 94 
and ,92. These are defined as follows. Let ;w, be the probability per nuclear disinte- 
gration, that the transition 1 will follow (or be followed by) the transition 2. Then 


1Wz = 0109 19>. (14) 


By analogy py and gw, are the probabilities per nuclear disintegration that transition 
1 and transition 2, respectively, will follow an electron belonging to the fraction of 
the continuous beta-ray spectrum accepted by the opposite spectrometer. Thus 


pM = P(P1)1 P19 pJ2» (15) 
hast Oe (Pe) 2P204 pq: 
It is convenient to introduce the following relations : 


Mp P(P1) PrN 


Pau (16) 


and 


Nop _ P(P2) Pa Ne 


cae (17) 
where Ng is the number of electrons belonging to the continuous beta ray spectrum and 
n, is the number of conversion electrons recorded per unit time in the corresponding 
channels. y, and 7, <7,/6,%, and 72/5g%_ respectively, since it can be shown [9] 
that p(p)ps 1. 


From (12) and (13) one gets for the ratio of genuine to random coincidences—i.e 
the signal to noise ratio ‘a 
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cNg Ec Y 190+ BFa%1 + pL Xe 


ENG DNs LesKeeehesk 1X, (18) 

or 
cNg ot Aa52 4 
iowa OU Hebe 8) 


where F is the coincidence coupling ratio. This ratio can be larger as well as smaller 
than unity depending on the coincidence coupling constants. 

Considerations of this kind have been published, but so far the treatments have 
been limited to simple decay schemes. For instance one has considered the case of 
electron capture followed by two gamma-rays in cascade. In that case one has R = 1. 
However, the necessity of taking into account the coincidence coupling ratio when 
considering the possibilities of the electron-electron coincidence spectrometer must 
be stressed. It is easily seen, that under less favourable conditions the signal to 
noise ratio can be reduced by orders of magnitude. 

The signal to noise ratio will also be affected by the presence of a background 
caused by scattered electrons, gamma-rays or photomultiplier dark-current. Inter- 
ference with neighbouring conversion lines will give rise to the same effect. 

To take the influence of the background into account in the expression for R 
one should replace y, and y, in the denominator! of (18) with yj and v3 defined in 
analogy with (16) and (17) as 


; y: N1p +My backer (16’) 
Nie 
and 
2 Nop + Napacker | (17’) 
N2e 
The coincidence coupling ratio then becomes 
Ra Wet Mets Toh Xe, (19) 


L4+%4+%34+%,% 


Studies of nuclear decay schemes 


The first task that presents itself in all studies of nuclear disintegrations is the 
determination of the decay scheme. In simpler cases this can be done by ordinary 
scintillation or beta-ray spectrometer methods. For more complex nuclear disinte- 
grations, however, it becomes necessary to resort to coincidence technique in order 
to get a unique decay scheme. It is evident, that the good energy resolution in both 
channels provided by the electron-electron coincidence spectrometer makes it very 
suitable for this kind of experiments. 


a. e~-e— coincidences 


For conversion-electrons following electron capture such experiments are readily 
performed. The two spectrometers are adjusted to focus the peaks of the conversion 
lines. One then has 


1 We assume, that the background signals do not give rise to any genuine coincidences. 


T. R. GERHOLM, Nuclear disintegrations with a coincidence spectrometer 


Ry. = 192 (19’) 
and , 
oN g = N01, 09 199% 2Wo. (12) 


NV, >0 means g>0 and proves that the transitions under investigation belong 
to the same branch of the decay. Because of the good resolution the coincidence assign- 
ment generally becomes unique. Sometimes, however, there may be an interference 
between different lines. Nevertheless, from a comparison between the shape of the 
coincidence spectrum and the gross spectrum in the corresponding channel one can 
generally decide to which transitions the coincidence coupling should be referred. 

When the conversion lines are superimposed on an intense background or on the 
continuous beta-ray spectrum the importance of a good resolution is even more 
pronounced. That is so because the coincidence coupling ratio depends on the spectro- 
meter resolution as seen from formulae (16’) and (17’). 

It is often convenient to use the off-set method in order to obtain from the total 
number of genuine coincidences, the contribution due to e--e- coincidences only. 
For this purpose three different quantities are measured. 

(1) The number of genuine coincidences per unit time obtained with both spectro- 
meters set at the peaks of the two lines 1 and 2: N (tot). 

(2) The number of genuine coincidences per unit time obtained with spectrometer 1 
set just above the high energy edge of line 1 and spectrometer 2 at line 2: V,(fe-). 

(3) The number of genuine coincidences per unit time obtained with spectrometer 1 
at line 1 and spectrometer 2 set just above the high energy edge of line 2: N, ( e-B). 


One then has 
NV, (ee) ~ .N,(tot) — { .N,(Be-) + .N,(e-B)}. (20) 


b. B-e—-coincidences 


It is easily seen that for coincidence measurements between beta-rays and con- 
version electrons a low resolution—high transmission setting should be used in the 
beta-channel in order to increase the coincidence counting rate. In the opposite 
channel, however, good resolution should be maintained, since 


_ pg ” 
pom ft (19) 
and 
N= Nop (P1))1 P1015 PI 2%2Wo. (12”) 


For yi = 1 the coincidence coupling ratio is not too sensitive to the resolution, but 
under less favourable conditions the signal to noise ratio will be considerably reduced 
with reduced resolving power. It can therefore be advisable to increase the resolution 
at the expense of the transmission, since R varies as 7 but w only as 73 according 
to the theory of long lens spectrometers with ring focus baffles. 


c. Applications 


a, >0 implies 192 > 0, where q is the corresponding coincidence coupling constant. 
From coincidence information of this kind it is often possible to determine the decay 
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scheme uniquely. In particular, this is true if the coincidence data are combined 
with precise determinations of the transition energies obtained from measurements 
of the conversion lines with a high resolution instrument. From the latter experi- 
ments, one obtains sum-up combinations, e.g. cascade transitions with cross-over 
gamma-rays corresponding to the same total transition energy. These sum-up 
combinations provide additional information concerning the branching of the decay. 

The coincidence spectrometer has been used to study the decay schemes of the 
following neutron deficient isotopes. 


Bi205 ait Pp205 (ref. [10]) 
Pp200 ae T1200 (ref. [11}) 
T]200 RS Hg20 (ref. [12]) 
202 m 202 m 
Pb EE Tre | 
1 > (ref. [13]) 
Pp202 —__. T]202 J 
Hee aaa (ref. [14]) 
nes cans T}97 
, (ref. [15]) 

Pb197 


Details of the decay schemes are discussed in the references. The coincidence 
coupling information obtained for the decay schemes shown in Figs. 7, 8 and 9 are 
given in Tables 1, 2 and 3 respectively. 


Measurements of internal conversion coefficients 


The internal conversion coefficients are of considerable interest, since they depend 
on the multipolarity and character of the nuclear transition. They can therefore be 
used in the determination of spins and parities of nuclear levels. Theoretical calcula- 
tions [16] are now available, that take into account screening and finite nuclear size 
effects. They are supposed to be correct to within a few per cent. This implies that 
precise measurements of K-conversion coefficients can be used also to determine 
the mixing ratios in transitions of mixed electric and magnetic character. The 
internal conversion coefficient, the multipolarity and character as well as the mixing 
ratio must be known in order to make possible a deduction of the partial electro- 
magnetic transition probabilities from the experimental halflife of an excited level 
(cf. next section). 


a. Conventional methods 


In principle the internal conversion coefficients can be measured in different ways 
with the aid of a scintillation spectrometer. Under favourable conditions and with 
great care accuracies of 5-10 per cent have been achieved [17]. Generally, however, 


1 The halflives of the mother-activities are given inside the brackets. 
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Table 1. Coincidence coupling information on T1?%. 


Electron-electron coincidence measurements 


Coinc. obs. No. coine. obs. 
148.0—-109.5 148.0-158.9 
148.0-142.2 148.0-257.3 
148.0-235.3 148.0—289.5 
148.0-268.0 


Table 2. Coincidence coupling information on Hg?, 


Coine. obs. No coine. obs. 


Electron-electron coincidence measurements 


252.0- 289.0 (?) 252.0- 309.2 
252.0- 368.0 252.0— 579.4 

289.0- 368.0 252.0- 785.3 
289.0-1226.9 252.0— 828.6 

309.2- 368.0 252.0-1206.7 + 1226.9 
309.2-1206.7 252.0-1362.3 (2) 
368.0- 579.4 352.0-1516.7 (2) 
368.0— 828.6 289.0-1206.7 
368.0-1206.7 + 1226.9 309.2- 828.6 
368.0-1362.3 309.2-1226.9 
368.0-1516.7 785.3- 828.6 

579.4— 712.1 (2) 

579.4— 785.3 

579.4- 828.6 


Electron-gamma coincidence measurements 


Coinc. obs. 


252.0-1000 (y) 
252.0— 368.0 (y) 
_ 579.4— 368.0 (7) 


the uncertainties in the internal conversion coefficients obtained with scintillation 
spectrometers are considerable. The decay scheme must be completely known and 
should not be too complex. 

More accurate measurements of internal conversion coefficients are possible with 
a beta-ray spectrometer. Two different methods have been developed. One possibility 
[18, 19, 20] is to determine the ratio between the number of conversion electrons 
recorded per unit time and the number of secondary electrons recorded per unit 
time expelled from a suitable converter. The efficiency of the converter for the gamma- 
ray energy of interest should be accurately known. This efficiency depends not only 
on the absolute photo-electric cross-section at the energy in question, but also on 
the angular distribution of the photoelectrons as well as on straggling effects in the 
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Table 3. Coincidence coupling information on Pb2%, 


Coine. obs. 


No. coine. obs. 


Electron-electron coincidence measurements 


260.5-282.3 + 282.2 
260.5-349.4 
260.5-571.0 
260.5-703.3 (2) 
282.3-284.2 (7) 

282.3 + 284.2-511.7 

282.3 + 284.2-571.0 
284.2-703.3 
349.4-571.0 
349.4-703.3 
571.0-580.0 (?) 
703.3-910.8 


260.5— 987.8 
260.5-1043.7 
260.5-1766.4 
260.5-1777.4 
282.3-— 349.4 
282.3-1043.7 
284.2— 349.4 
284.2— 910.8 
284.2-1043.7 


284.2-1766.4 
349.4— 580.0 
349.4— 987.8 
349.4-1043.7 
511.7— 703.3 
571.0— 703.3 
703.3— 987.8 
703.3--1043.7 


Electron-gamma coincidence measurements 


260.5-1614.6 (y) 
284.2— 703.3 (y) 


703.3-1863.3 + 1906. 


703.3—-annih rad (7) 
(?) 


260.5-1766.4 (y) 
260.5-1777.4 (y) 

5 (y) 260.5-1863.3 (7) 
260.5-1906.5 (y) 
282.3-1766.4 (7) 
282.3-1774.4 ( 
282.3-1863.3 ( 
282.3-1906.5 ( 
284.2-1766.4 ( 
284.2-1777.4 ( 
284.2-1863.3 ( 
284.2-1906.5 ( 
349.4-1766.4 ( 
( 


Y) 
Y) 
Y) 
Y) 
Y) 
Y) 
Y) 
Y) 
511.7-1766.4 (7) 


571.0-1766.4 (y) 
571.0-1777.4 (7) 
703.3-1766.4 (7) 
703.3-1777.4 (y) 
987.8-1614.6 (y) 
987.8-1766.4 (7) 
987.8-1777.4 (7) 
987.8-1868.3 (7) 
987.8-1906.5 (7) 
1043.7-1766.4 (7) 
1043.7-1777.4 (y) 
1043.7-1863.3 (y) 
1043.7-1906.5 (y) 


converter material. Therefore it is difficult to calculate the efficiency of the converter 
theoretically. Alternatively these efficiencies can also be determined experimentally. 

The other method consists of a comparison between the area under the conversion 
line and the area under the continuous beta-ray spectrum. This is considered to be 
the most accurate method, at present, for determination of internal conversion 
coefficients. According to (7) and (9) one has 


oN. line dp 
a)= = v Ouine % (21) 
c one 
Pp 
Pp 
cont 
Thus 
1 , 
x= =—a, (21°) 
Oiine 
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The method is limited to the most simple beta-decays, where dyine can be obtained 
from an analysis of the various components of the beta-ray spectrum, reproduced in 


a Kurie plot. a 
The conversion coefficient is related to the conversion probability according to | 


the formula 


ere (22) 
l—x 


From (22) one has 


Aw _ 1 Ax, (23) 
1.4 


R 
_ 
| 
x 


Evidently, « will be determined inaccurately in this way, when x ~1. In most 
practical cases, however, x is of the order of per cent, or smaller. 


b. The coincidence spectrometer method 1 


Suppose spectrometer 1 is focusing line 1, while spectrometer 2 is scanning line 2. 
For the sake of simplicity we will assume that 7, =7,=7. From (7) and (12) one 
obtains 


a= Sh ein bee = 0; 291 %1 Wy Ec Y- (24) 


This expression can be used at once to determine the internal conversion probability 
provided the spectrometer has been calibrated in regard to transmission as discussed 
above and that ¢,y is known. Generally ¢,y can be put equal to unity if the source 
is properly centered and of good specific activity, and if the coincidences can be 
considered prompt. 

Obviously expression (24) can also be used in determining the transmission—or 
the coincidence coupling probability—if the conversion coefficient is known. Alter- 
natively one can use the continuous beta-ray spectrum to calibrate the instrument 
directly. According to (9) and (12), if spectrometer 2 is kept fixed on line 2, when 
spectrometer 1 is scanning the spectrum, one has 


Og are ie cee (25) 


+ A method similar to that described in this section has been developed at Ziirich [21]. The 


Swiss group uses a single long lens spectrometer operated in coincidence with a scintillation 
spectrometer. 
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We assume y to be constant. 
The coincidence coupling constant vanishes in the integral, because all transitions 
2 will follow a beta decay. From (24) and (25) we finally get 


me 


04 0% My 


or aaa 


(26) 


If (26) is compared to (21’) it is seen that the coincidence spectrometer method is 
the more general. 6);n, is the total feeding to this transition. This includes not only 
the direct beta-decay feeding, but also feedings to higher excited states, giving rise 
to this transition in the cascade down to the ground state. 6, 99,, however, is, according 
to (14), the probability per transition 2 for that transition to take place in coincidence 
with 1. This probability is known in many cases, where the complete decay scheme 
is unknown. For instance 6, .g, = 1 whenever transition 1 is a transition from the first 
excited state to the ground state, independently of the actual structure of the decay 
scheme as a whole. 

The coincidence method can further be applied as well to cases of electron capture 
and positron decay as to the study of long-lived isomers, because different sources, or 
rather, different isotopes present in the same source, can be used to measure the 
a, and a, ratios. As is easily seen branching ratios can also be measured by means 
of the coincidence spectrometer method. 

The most serious limitation encountered in this technique is due to the fact that 
the coincidence counting rate sometimes becomes inconveniently low. Therefore 

the accuracy of the values obtained is generally limited by the statistical uncertainties. 


c. Applications 


The coincidence method has been employed to get information about internal 
conversion coefficients and branching ratios for the decay schemes shown in Figs. 
7, 8 and 9. A few examples are given here to illustrate the procedure. 

A 2x3 mm source of Bi?” deposited on a 2-3 mg/cm? copper backing was in- 
troduced into the spectrometer. The exit baffles were opened 5 turns. The counting 
rate at the peak of the 1064 keV K-line was 19800 cpm. The 569 keV line was focused 
in the opposite spectrometer. The genuine coincidence counting rate was then found 
to be 8+1 coinc./min. In this case one has 6, »g, = 1 since it is known, that the 
569 keV transition leads from the first excited state to the ground state. The K- 
conversion coefficient for this transition has been measured [22] to be 1.7 per cent, 
which is in accordance with the theoretical value [16] for an electric quadrupole 
transition. 

For these high energy lines ¢,y =1. This means that the results obtained with 
the coincidence instrument can be used for determining the effective transmission 
of the spectrometer focusing the 569 keV line. According to (24) one has 


8+1 


T9800 - L707? ~ (24 £0.38) x10. 


Wy 


We use here the peak counting rates instead of the areas under the line 
profiles. 
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200 
Pb (18h) 


EC 


416.0: 


Fig. 7. Decay scheme of Pb?°, based on information from 
coincidence spectrometer measurements (cf. Table 1) and 
high resolution determinations. See refr. [11]. 


This value is in agreement with that found from Fig. 2 for the effective trarismission 
in this case. The measurement therefore serves as a check of the maximum trans- 
mission calibration. bi 

The diameter of the source used in the study of Tl?°° was 2 mm. The exit baffles 
were opened 6 turns corresponding to a transmission of about 3.3 per cent (cf. 
Fig. 2). The decay scheme, shown in Fig. 8, is based on coincidence coupling in- 
formation and high resolution measurements. According to this scheme transitions 
from higher excited states to the ground state take place only via the 368 keV 
transition from the first excited state to the ground state. One would then expect 
to get the same a, ratios for all conversion lines, when they are measured in coin- 
cidence with the 368 keV K-line. i 

The 368 keV K-line was tried in coincidence with eight different lines belonging 
to this decay. It was found to be in coincidence with all of them (cf. Table 2). For 
seven! of these coincidence combinations the a, ratios were found to be the same 
within the limits of the statistical errors. This proves that the decay to the ground 
state takes place mainly via the first excited state. From the measurements a, was 
found to be (11 +1) x 10-+. According to (24) this corresponds to a conversion prob- 


* The coincidence counting rate obtained with the 252 keV K-line was somewhat too low. If 
this result is significant, there should be a cross-over transition from the 1884.7 keV level directly 
to the ground state. However no conversion lines have been observed corresponding to such a 
transition. The coincidences obtained with the 252- and 368-lines were found to be prompt 


compared to the moderate resolving time of the coincidence circuit used in these experiments 
(2 T) = 0.15 psec.). 
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200 
Ti asn) 


Fig. 8. Decay scheme of T12, based 

on information from coincidence spec- 

trometer measurements (cf. Table 2) 

| and high resolution determinations. 368.0 / 

| See refr. [12]. | / 
(Erratum: 758 should be 785.3.) 0 


200 


Hg 


ability of (3.3+0.3) per cent or a conversion coefficient of (3.4+0.3) per cent. 
The theoretical value [16] for a pure electric quadrupole transition of 368 keV is 
O@ = 3.57 x 107. 

The coincidence measurements on Bi” (cf. Fig. 9) were made with a transmission 
of 2.5 per cent in each channel. As shown in Table 3 the 703.3 transition was found 
to be in coincidence with the 260.5— (?), 349.4-, 284.2 and 910.8 keV transitions. 
The 260.5 keV transition is not accounted for in the decay scheme. The remaining 
three transitions, however, should, according to the decay scheme, all be in coinci- 
dence to 100 per cent, i.e. dg = 1. With this assumptions and with ¢,y = 1, the internal 
conversion coefficients can be determined from the experimental data. The results are 


284.2-703.3 — a&703.3 = (8.41) x 10-3 
349.4-703.3 e703, = (11.0 + 3) x 10-3 
910.8-703.3 — a&q03,3 = (7.5 + 2.5) x 10-3 
These figures should be compared to the theoretical value [16] for a pure electric 
quadrupole transition of 703 keV. 
% =11 x 10-3. 


Further applications of this method are discussed in references [10] and [12]. 
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Fig. 9. Decay scheme of Bi?5, based on information from coincidence spectrometer measure- 
ments (cf. Table 3) and high resolution determinations, See refr. [10]. 


Lifetime measurements 


a. Delayed coincidence method 


We have so far assumed that the delay between the two members of a coincidence 
pair is short compared to the resolving time of the coincident circuit. This is generally 
the case when the coincidence equipment is operated with a moderate resolving 
time of about a few tenths of a microsecond. If, however, a millimicrosecond coin- 
cidence unit is used instead, the lifetimes of the excited nuclear levels will be com- 
parable to the coincidence resolving time, at least for low energy transitions. It then 
becomes necessary to replace the efficiency ¢, of the coincidence circuit with the 
probability, that the two events take place within the coincidence resolving time. 

If y =x —t, one has according to Newton [23] for this probability 


F (x)=je-™ [ e P(y) dy. (27) 
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« stands for an artificial time delay introduced in one channel and 4 is the 
decay constant of the excited state under consideration and P(z) is a prompt coinci- 
dence curve recorded under otherwise identical conditions. From (27) one obtains 


@ dh? elie (2) 
Ja (ln F (#)) = Al F(z) 


(28) 


F(x) is the delayed coincidence curve. There is always a region where P(x)< F(a), 
if the resolving time of the coincidence circuit is considerably shorter than the life- 
time of the excited state. It is seen from formula (28) that under such conditions A 
can easily be determined from the slope of the curve In F(x) versus 2. When the 
lifetime is comparable to, or shorter than, the resolving time, 2 can sometimes be 
obtained from the shape of the whole curve by means of a centroid shift analysis, 
as first shown by Bay [24]. Whenever this method is applied, however, particular 
care should be taken to avoid systematic errors. 

The sequence of excited levels and their spins and parities generally depend on 
rather gross parameters of the nuclear model. The electromagnetic transition prob- 
abilities, however, reveal finer details about the nuclear structure. The transition 
rates are proportional to the squares of the corresponding matrix elements, containing 
the wave functions of the initial and final states as well as the appropriate transition 
operator. Measurements of the halflives of excited states, therefore, provide sensitive 
tests for the nuclear model. The measured halflives should be corrected for branching, 
internal conversion and mixing. These corrections can be determined with the 
coincidence spectrometer method as discussed above. Thus the coincidence spectro- 

‘meter can be used for measuring the halflives of specified excited levels and for 
determining the electro-magnetic transition rates, even in very complex nuclear 
disintegrations. 

However the present detector arrangement is not suitable for the shortest resolving 
times and there are plans to reconstruct the detectors. The cylindrical parts of the 
lightguides will be omitted and the photomultiplier tubes will be placed closer to 
the crystal in order to reduce the transit time spread of the photons. RCA C-7187 A 
development tubes will be used (endcathod, gain at 2500 volt 5 x 107). Preliminary 
experiments with these tubes indicate a coincidence resolving time 2t ~ 10~® sec at 
an efficiency of about 90 per cent and at energies of about 100 keV dissipated in the 
scintillators. 


b. High frequency method 


We will finally add a few words about a possible method for lifetime measure- 
ments, which has been suggested by Gerholm and Tove [25]. The method should be 
particulary suitable for fast, low energy transitions. These cannot be measured with 
the present delayed coincidence method. Suppose spectrometer 1 is focusing line 1 
and spectrometer 2 is scanning line 2. The shape of the coincidence line will be equal 
to the shape of the corresponding single channel line, but scaled down by a factor 
a, (cf. formula 24). 

If the source is connected to an alternating voltage of high frequency the conversion 
lines will wobble with the frequency of the transmitter. If spectrometer 1 is kept 
constant on its original setting it will accept only those electrons that have not 
undergone a change of momentum. It is easily seen that the coincidence line will 
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be broadened, when A is comparable to the frequency of the alternating voltage 
Since the window curve, the amplitude of the alternating voltage and the frequeney 
are all known it would be possible to determine the lifetimes from the broadening 


of the coincidence line. 
An estimate of the shortest lifetimes that could be measured with this method 


can be made as follows. The time dependence of the electron momenta can be 
expressed by 
p=pyot psinot. (29) 


In the first approximation one has 


_Ap_ paodtcosat 
p PyotPpsineat 


or 


Age Wi Pot Psin wt} (30 
@p cos wt 


At t =0 this expression gives 


Ate 1 Po, (30° 


If one now assumes 
tease Ponte are 


Py = 1120 Bo( = 100 keV) 
w =3 x 10° cps 


p =24 Bo(~4kV) 
one has 
Atwx3 X 10-19 sec. 


This is at least an order of magnitude shorter then the shortest resolving times tha 
could be obtained with the delayed coincidence method. At lower energies the hig! 
frequency method should be even more favourable. It should also be observed, tha 
the resolving time of the coincidence unit is of importance only for the signa 
to noise ratio. Therefore G.M. counters could be used provided the source strength 
is reduced in proportion to the longer resolving time. This means, that very lov 
energy electrons could be studied. For instance it should be possible to use th 
auger electrons following electron capture in coincidence with conversion electrons 

On the other hand, for obvious reasons, the method is limited to low energies anc 
to cases, where high coincidence counting rates can be achieved. Experiments alon; 
these lines are now being performed. The method will be discussed in full in a forth 


coming publication. 
ACKNOWLEDGEMENTS 


The author is much indebted to Professor Kai Siegbahn for many valuable suggestions an 
generous support during this work. Further, my thanks are due to Docent Tf. Bergstrém, at th 
Nobel Institute, who supervised the work on neutron-deficient lead and thallium isotopes. — 


76 


ARKIV FOR FysIK. Bd 11 nr 2 


Iso wish to express my gratitude to my co-workers, Dr. M. Schmorak and Fil. mag. C. J. Herr- 


der, for getting their permission to publish here some of the experimental data in advance. 


inally I wish to thank Evelyn Sokolowski, B.S., who has corrected the English. 


Physics Department, University of Uppsala, Sweden. 


REFERENCES 


. J. V. DunwortH, Rev. Sci. Instr. 17, 167 (1940). 
. W. Borne and H. Mater-Lerenitz, Z. Physik 104, 604 (1937). 
. N. Fearuer, Proc. Cambridge Phil. Soc. 36, 224 (1940). 


N. Fearuer, J. Kyies, and R. W. Prinatez, Proc. Phys. Soc. Lond. 61, 466 (1948). 

J. Kyzzs, C. G. CAMPBELL, and W. J. HenpERson, Proc. Phys. Soc. Lond. Ser. A 66, 519 
(1953). 

C. G. CampBELL and J. Kyuss, Proc. Phys. Soc. Lond. Ser. B 66, 911 (1953). 


. L. V. GrosHEv and L. Ya SHavrvatov, Dokl. Akad. Nauk. SSSR 68, 257 (1949). 


C. Fowier and R. SHREFFLER, Rev. Sci. Instr. 27, 740 (1950). 
R. Karz, R. Hitt, and M. GotpHaser, Phys. Rev. 78, 9 (1950). 
8S. Kacryama, J. Phys. Soc. Japan 8, 689 (1953). 


. R. E. Bett and R. L. Granam, Phys. Rev. 86, 212 (1952). 


K. Sreespaun, Ark. Fys. 4, 223 (1952). 


. T. R. Geruoum, Rev. Sci. Instr. 26, 1069 (1955). 

. H. pE Waarp and T. R. Grruoum, Nuc. Phys. 1, 281 (1956). 

. I. LinpGREN and T. R. Geruoum, (to be published). 

. T. R. Geruotm, Encyclopedia of Physics (editor 8. Fliigge), Springer Verlag (1956), Vol. 33, 


p. 672. 


. M. Scumorak, J. McDoNnELL, R. STOCKENDAL, H. ATTERLING, I. BERGSTROM, and T. R. Grer- 


HOLM, Nuc. Phys. (in course of publication). 


. I. BerestrOm and A. H. WapstrRa, Phil. Mag. 46, 61 (1955). 


K. E. Berexvist, I. Berastrém, C. J. HERRLANDER, 8S. HuttTBpEerRG, H. SiAtis, E. Soxo- 
Lowsk1, A. H. Wapstra, and T. Wrep.ina, Phil. Mag. 46, 65 (1955). 


12. C. J. HeRRLANDER and T. R. Geruoum, Ark. Fys. (in course of publication). 
13. J. McDoneEtt and I. BERGsTROM, (to be published). 

14. J. BRUNNER and J. HALTER, (to be published). 

15. E. ARBMAN and G. ANDERSON, Ark. Fys., (to be published). 

16. L. A. Stiv, private communication. 

17. F. K. McGowan, Phys. Rev. 93, 163 (1954). 

18. M. Deutsou, L. Extiorr, and R. Evans, Rev. Sci. Instr. 15, 178 (1944). 

19. K. SregBaun, Proc. Roy. Soc. Lond. Ser. A, 188, 541 (1947). 

20. M. A. Waaconemr, M. L. Moon, and A. Rosperts, Phys. Rev. 80, 420 (1950). 
21. R. Jory, J. BRunnER, J. Hatrer, and O. Huser, Helv. Phys. Acta 28, 403 (1955). 
22. D. E. ALBURGER and A. W. SunyaR, Phys. Rev. 99, 695 (1955). 

23. T. D. Newton, Phys. Rev. 78, 490 (1950). 

24. Z. Bay, Phys. Rev. 77, 419 (1950). 

25. T. R. Geruowm and P. A. Tove, (to be published). 


Tryckt den 30 april 1956 


Uppsala 1956. Almqvist & Wiksells Boktryckeri AB 


77 


A Hey aa’ Tae 
: ae PAM eae 


. re ie ae 
yet Batt cog (tes rele 


